The biosorption process was studied using a mixture of three different types of algae: Codium vermilara (green), Chondrus crispus (red) and Ascophyllum nodosum (brown) as biosorbent. A preliminary study was carried out on the influence of pH and biomass concentration (the experimental values selected were 6 and 0.5 g/L, respectively), first using the algae individually and later in binary and ternary combinations. The three metals selected (Cd, Ni, and Zn) were tested in monometallic, bimetallic, and trimetallic solutions. In monometallic systems with an individual biomass, the Langmuir model predicts that the sorption uptake of the brown alga Ascophyllum nodosum is higher than that of the red alga Chondrus crispus, and this in turn is higher than that of the green alga Codium vermilara. The sequence of metal sorption was: Ni Ϸ Zn Ͼ Cd. In a mixture of the three types of algae, the results indicated that metal uptake was best with the mixture Chondrus crispus ϩ Ascophyllum nodosum. The mixture Codium vermilara ϩ Ascophyllum nodosum behaved similarly to the ternary mixture in experiments with equal biomasses of each species and slightly better than the mixture Codium vermilara ϩ Chondrus crispus, in both monometallic and multimetallic systems. The results suggest that biomass mixtures could be effective in the treatment of real effluents.
Introduction

E
NVIRONMENTAL POLLUTION with heavy metals is increasingly becoming a major problem in industrial areas worldwide. In particular, the presence of highly toxic metals (Cd, Pb, or Hg) in aqueous media is a serious concern, but even other metals which are essential elements for living beings, such as Fe, Cu, and Ni, can become harmful above certain concentrations (Burgat-Sacaze et al., 1996) . For that reason, various environmental agencies have established normative for hazardous chemical substances in the area of water management (EU Decision 2455/2001/CE), which affects several heavy metals such as mercury, cadmium, nickel, etc., and have suggested the elimination of those contaminants from waste waters, or at least the reduction to acceptable levels.
Metals are normally recovered from industrial effluents through various physicochemical processes, however, those processes are often inefficient and economically unviable. A variety of biological materials have been used as sorbents for the uptake of metal ions from aqueous solutions. In this phenomenon, called biosorption (Volesky and Holan, 1995) , a series of processes, independent of the cell metabolism (physicochemical sorption, ion exchange, complexation, chelation, and microprecipitation), occurs essentially on the cell wall (Veglio and Beolchini, 1997) .
The biorecovery of heavy metals using micro-organisms can be modified by the specific surface area of the organism or by physicochemical parameters of the solution such as pH, ion strength, temperature, biomass concentration, and presence of organic or inorganic ligands.
The main advantage of biosorption is that it is a cheap process with good metal recovery results. Natural biomasses can be used as biosorbents, either ones that are abundant locally or residual byproducts from industrial plants, mainly agricultural wastes (Gupta et al., 2003 , Gupta and Ali, 2004 , Singh et al., 2006 , and the sorption results are comparable to those achieved with ion exchange resins (Volesky, 1999) .
Biosorption is an innovative technology that employs dead biomass for the recovery of heavy metals from aqueous solutions. Research and development of new biosorbent materials has focused on algae due to its high sorption uptake and its availability in practically unlimited amounts (Klimmek et al., 2001) and also because of its low cost.
Later works in the literature reflect a growing interest in algae sorption uptake (Gupta et al., 2006 , Pavasant et al., 2006 , Hashim and Chu, 2004 . Although thousands of algal species are known, only a few of them have been investigated for their metal sorption ability and subsequent use in wastewater treatment. The sorption uptake may vary so much between different species, although that variation may also be due to the experimental conditions adopted in different studies, to the growth conditions of alga and, thus, to the chemical composition of its cell wall (Chojnacka et al., 2005) . The sorption uptake of algae may vary between a few decimals of mmol and several units of mmol/g, which is in many cases better than with some chemical sorbents (Mehta and Gaur, 2005) . The ability of algae to sequester metal cations in solution is due to the presence of different functional groups in their cell wall, mainly carboxyl ( ¶COOH) (Fourest and Volesky, 1997) , hydroxyl ( ¶OH) (Gong et al., 2005) , and other groups such as sulfonate, amino, and sulphydryl. Those groups confer a negative charge to the alga cell wall attracting metal ions, generally in its cationic form.
Waste waters usually contain more than one metal and different metal ions, therefore competing for the active sites present on the cell wall. Furthermore, the selectivity of the biomass depends on: its own nature (Sheng et al., 2004) , pretreatment processes (Rincón et al., 2005) , metal ions, and physicochemical characteristics of the solution (Volesky, 2003) . Some algae show a high affinity for sorbing a particular metal ion, unlike others that do not show such specificity and may sorb several metals ions. The affinity of various algal species for binding metals ions shows different hierarchies (Mehta and Gaur, 2005) . In this way, the treatment of complex solutions with different metal ions can be improved by using a combination of several algal species as biomass. That choice could also increase the sorption uptake of certain metal ions which is inhibited in the presence of other ions, as observed in the case of nickel in this work. In addition, the novelty of process, which has not been considered in the literature, is a forward step in the search for wastewaters treatment processes.
In the present work, three different types of algae have been used: Codium vermilara (green), Chondrus crispus (red), and Ascophyllum nodosum (brown). Additionally, the great abundance and low cost of these species would facilitate the later incineration of the biomass to recover the metals content.
The aim of this study was to check the effectiveness of a biosorbent consisting of a mixture of those three different types of algae. Additionally, preferential sorption uptake of a given metal by an individual alga in monometallic systems was tested in multimetallic systems with a mixture of different algae. The purpose was to determine whether the sorption uptake of each alga was enhanced in the presence the other algae. The use of algae in mixtures could be very effective in the treatment of complex solutions since industrial effluents contain more than one metal and in nature algae appear mixed rather than individually.
The study was conducted with three metals (Cd, Ni, and Zn) selected on the basis of the frequency with which they appear in contaminated industrial effluents and because their corresponding cations present very similar thermodynamic stability in solution.
A preliminary study was carried out to optimize the values of pH and the biomass concentration for each type of alga and each metal. In addition, the influence of the initial metal concentration was also investigated and the corresponding application of Langmuir model. Later, a study was conducted on the sorption uptake of the different binary and ternary mixtures using the three algae and monometallic, bimetallic, and trimetallic solutions.
Materials and Methods
The three algae used, Codium vermilara, Chondrus crispus, and Ascophyllum nodosum, are marine algae (Cabioc'h et al., 1995 , Van den Hoek et al., 1995 , Graham and Wilcox, 1998 and were collected on the coast of Galicia (Spain). Sample preparation consisted of a preliminary visual cleaning of impurities followed by several washes with distilled water. The effluent collected in each wash contained small particles of biomass that were substantially more difficult to settle, and this was centrifuged at 5,000 rpm for 10-15 min. Then, after removal of the clear liquid, the pellet was mixed with previously washed biomass to avoid major losses, and the whole system was dried to constant weight in an oven at 60°C. Once dry, samples were ground to the appropriate particle size for biosorption tests (Ͻ0.5 mm).
Synthetic metal solutions were prepared from chemically pure sulphate salts by dilution of stock solutions of 1,000 mg/L of Cd 2ϩ , Ni 2ϩ , and Zn 2ϩ with deionized water. The pH was adjusted with diluted sulphuric acid 1 or 10% v/v and chemically pure NaOH dissolved in deionized water at a concentration of 1 g/L.
The tests were performed in 100 mL Erlenmeyer flasks placed on a multiple stirring plate. Samples removed at different times were centrifuged at 5,000 rpm. In the effluent, the pH was measured and the metal concentration determined by atomic sorption spectrophotometry. Each experiment lasted 120 min, time enough to follow the biosorption kinetics and to reach equilibrium conditions in all cases. Most tests were performed in duplicate.
In the preliminary study, the pH was investigated in the range between 3 and 6, and was determined while keeping the concentration of the biomass and the initial metal concentration constant at 1 and 50 mg/L respectively. The biomass concentration used was determined in tests at three different values (0.5, 1.0, and 2.0 g/L) and at a constant initial metal concentration (50 mg/L) and at the pH previously set for each metal.
The procedure for calculating the isotherms was as follows: once set pH and biomass concentration values, five tests were performed for each metal with each alga at different initial metal concentrations (10, 25, 50, 100, and 150 mg/L).
In tests with the mixture of biomass two criteria were adopted: (1) the optimum biomass concentration, fixed previously, was split in equal parts for each alga tested in the mixture (all these tests were performed with the same total biomass concentration), and (2) the optimum mixture of each biomass was mixed with the rest of biomass, so the concentration of biomass used varied depending on whether the test was performed with the individual alga or with binary or ternary mixtures of algae. In all cases, the total metal concentration was set at 50 mg/L.
The sorption uptake of the biomass (q) was quantified using the following expression:
where V i is the initial volume of the solution, C 0 and C e the initial and equilibrium metal concentrations, respectively, and B the amount of biomass used.
Results and Discussion
Preliminary studies on pH and biomass concentration
Numerous studies have shown than pH is a key parameter in the sorption uptake of metals by biomass. This variable can affect both: (1) the total charge of the biosorbent, which can retain or release protons to the medium depending on its acidity constant, and (2) the solubility and distribution of metal ion species in solution. Considering the precipitation pH of each metal (Cd: 8.54, Ni: 8.05, and Zn: 7.62) at the concentration used in this study (50 mg/L), the values of pH tested were 3, 4, 5, and 6.
In this study, the metal sorption uptake increased with pH and this effect was observed for all three algae. For example, Fig. 1 shows the results for Codium vermilara.
This effect is a product of the relationship between biosorption and the number of negative charges on the surface of the biomass and, in turn, of the nature and behavior of functional groups (Matheickal et al., 1999 , Setatnia et al., 2004 . The ionic state of those groups is determined by the value of pH. It has been reported that the carboxylic groups of the cell wall of algae have a pK a value around 2.6 (Fourest and Volesky, 1997) . Metal biosorption depends on the protonation-deprotonation of those carboxyl groups as a function of value of pH, according to the following equilibrium:
where K a : 
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FIG. 2.
Specific sorption uptake of protons for the three algae.
At low pH value, lower than pK a , the ligands of the cell wall are blocked and associated with hydrogen ions that restrict the access of metal ions due to repulsive forces. For that reason, tests in this study were performed at pH higher than 3. When pH increases, more ligands with negative charges are exposed to the solution, attracting positive metal ions. At higher pH, the competition between protons and metal ions diminishes and the metal uptake by the biomass increases.
For a better comprehension of the influence of pH, control tests, without metal in solution, were performed with the biomass in contact with acid solutions at pH values between 1 and 6. The amount of protons consumed by the biomass was calculated with the following expression (3):
where H ϩ cons are the protons consumed by the biomass (mol H ϩ /g biomass), 10 ϪpHinitial is the initial proton concentration (mol H ϩ /L), and 10 ϪpHfinal is the concentration of protons at equilibrium (mol H ϩ /L)
The results obtained with the three algae are shown in Fig.  2 . At low pH values (1 and 2) the amount of protons retained by the biomass was negligible indicating that equilibrium (2) was shifted to the left. At pH ϭ 3, the amount of protons adsorbed was significant and reached its highest value. At higher pH values (6) that amount decreased but sorption uptakes with (10 ϪpHinitial Ϫ 10 ϪpHfinal ) ᎏᎏᎏ B the three biomasses were higher for the three metals, due to the inexistent competence between protons and metal cations. However, the value of pH should not be too high to avoid hydrolysis of transition metals. When pH increases, before precipitation of the corresponding hydroxide, metals are not present in solution as free cations (Me 2ϩ ) but as alkaline cations (MeOH ϩ ). The latter, which are bulkier and less charged, have less affinity for the functional groups. Nevertheless, the equilibrium pH values were always lower than the corresponding to precipitation for the three metals tested.
The effect of the biomass concentration on the metal sorption uptake is shown in Fig. 3a for Chondrus crispus. The highest sorption specific uptake was achieved with the lowest concentration (0.5 g/L) for the three metals tested. This is consistent with other findings in the literature, which have been explained as due to electrostatic interactions between cells that increase the sorption when the distance between them is longer (Pons and Fusté, 1993) , or to the screen effect produced by the formation of aggregates during the sorption process which provokes a reduction of the effective area (Dönmez et al., 1999; Hammaini et al., 2007) . Another explanation could be the competition of the biosorbent for the sorbate.
It is obvious that the number of active sites increases with biomass concentration and that has a positive effect on metal sorption uptake (Fig. 3b) . However, we decided to select the ROMERA ET AL. 1002   FIG. 3 . Influence of biomass concentration on the metal uptake (a) and on the sorption uptake (b) with the red alga Chondrus crispus. (pH ϭ 6, Initial metal conc.: 50 mg/L). most effective biomass concentration, that is, the one with the highest q value in the range tested.
Based on these results, the following tests were done at pH 6 and with a biomass concentration of 0.5 g/L.
Sorption isotherms
The affinity between the biomass and the different metals was quantified by fitting the obtained sorption values to Langmuir isotherm:
where q is the maximum sorption uptake and b the Langmuir constant, which establishes the relationship between sorption and desorption rate. These parameters were evaluated from experimental data of C e and q, by representing their linear expressions defined by the following equation (Fig. 4) :
The fit of experimental data to a Langmuir model was evaluated by the regression coefficient R 2 . This coefficient is defined by the following expression:
where Y obs are the values of q obtained experimentally, Y ෆ obs are average values of q obtained experimentally, and Y calc are values of q calculated from the model. The closer the value is to 1, the better the fit to the model. The data shown in Table 1 indicate an almost perfect fit. Table 2 shows the values of constants q max and b to allow comparison of sorption data for each metal. Considering the q max values, nickel and zinc present a higher metal sorption uptake than cadmium with the three kinds of alga. That difference could be explained as due to the larger volume of cadmium ion compared to nickel and zinc ions, which supports the idea that metal characteristics and its variety of chemical forms are also important factors in sorption processes (Mehta and Gaur, 2005) . Indistinctly of the metal tested, the brown alga Ascophyllum nodosum presented the highest maximum sorption uptake followed by the red alga Chondrus crispus, while the green alga Codium vermilara had the lowest q max values. Anyway, the sorption data of this work are comparable to or even higher than those obtained with other kinds of algae (Davis et al., 2003; Mehta and Gaur, 2005) .
The affinity of algae for metals, that is, the b values, was also higher for the brown alga.
Mixture of biomass
Sorption uptake as a function of the type of biomass used. Table 3 shows the experimental data of tests with 50 mg/L of metal ion, pH ϭ 6 and a total biomass concentration (B) of 0.5 g/L, split evenly among the different biomasses used. Table 4 shows the results obtained with a concentration of 0.5 g/L of each biomass also at pH 6. In this case, then, the total biomass concentration was of 1.0 or 1.5 g/L depending on the biomass mixture (binary or ternary). Figure 5a depicts the sorption results obtained using only one alga (three first rows in Table 3 ), while Fig. 5b and c shows the differences recorded when a mixture of biomass was used. Several interesting facts can be gathered from those graphs.
First, the results in monometallic systems with only one biomass (Fig. 5a ) again indicate that the brown alga Ascophyllum nodosum presents the best recovery for the three met- 
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FIG. 4. Sorption Langmuir isotherms for different metals: (a) Codium vermilara, (b)
Chondrus crispus, and (c) Ascophyllum nodosum. als tested, followed by the red alga Chondrus crispus. Sorption was lowest with the green alga Codium vermilara. These results are consistent with a statistical analysis of data collected from the literature relating to the sorption of different metals (including Ni, Cd, and Zn) with different types of algae (Romera et al., 2006) . According to these studies, brown algae present the best sorption uptake. This fact has been explained as due to the presence of four structural components on the cell wall of brown algae (Phaeophyta)-cellulose, alginic acid, chlorides of sodium, potassium, magnesium and calcium, and sulphated polysaccharides-but it is the last three components that are chiefly responsible for the sorption of heavy metals. In addition to pectic substances, red (Rhodophyta) and especially green (Chlorophyta) algae also contain cellulose on the cell wall. In addition, some red algae, like Chondrus crispus, contain gelifying sulphated polysaccharides, which would explain why it presents higher sorption than the green alga Codium vermilara (Graham and Wilcox, 1998) . Second, in monometallic systems with each biomass, nickel and zinc showed very similar sorption uptakes (Fig.  5a ). The metal sorption uptake was lowest with any of the biomasses employed in the case of cadmium. Although those results correspond to a metal concentration of 50 mg/L, they are consistent with the q max values obtained from the Langmuir isotherms (Table 2) , which were higher for nickel and zinc than for cadmium with the three different kinds of alga. Thus, the sequence of sorption was as follows: Ni Ϸ Zn Ͼ Cd. However, the nickel sorption uptake was markedly lower in bimetallic or trimetallic systems, presenting the lowest q values in trimetallic systems (Fig. 5a) .
Third, the sorption uptake of each metal decreased when the number of metals in solution was increased. This could be due to the limited number of active sites on the biomass available for occupation by metal cations (Holan and Volesky, 1994) . In fact, the different metals in solution compete for those sites, and that is why the metal sorption uptake is lower than in monometallic systems.
In mixtures of biomass ( Fig. 5b and c) , the values of q obtained for each metal were intermediate between those achieved with an individual alga. However, the order of affinity was the same. In all cases, sorption uptake with the mixture was better than with the green alga, as good as or better than with the red alga, but never better than with the brown alga. The results for the mixture with three biomasses added in a total amount of 0.5 g/L, are especially interesting in that the values obtained for the metal mixtures are similar to or even better than those with the red alga Chondrus crispus.
In both criteria of mixtures of biomasses (Figs. 5b and 5c ), the biomass mixture Chondrus crispus ϩ Ascophyllum nodosum presented the best sorption uptake. The mixture Codium vermilara ϩ Ascophyllum nodosum produced similar values to the ternary mixture and slightly better, with some exceptions, than the mixture Codium vermilara ϩ Chondrus crispus, in both monometallic and multimetallic systems. This is consistent with the idea of higher sorption uptake by brown algae and red algae rich in carragenates (Mehta and Gaur, 2005; Romera et al., 2006) . That would account for the fact that metal sorption was lower in mixtures with Codium vermilara than in the other mixtures tested where the green alga was absent.
Another important fact is that in any of the systems studied, the sorption uptake of three metals was lower with 0.5 g/L of total biomass, that is, the amount used was divided among the different algae (Fig. 5b) , than with 0.5 mg/L of each alga and, then, with a higher amount of biomass (Fig.  5c) . The fact that the specific sorption uptake decreases when ROMERA ET AL. 1004 the amount of biomass is increased supports the previous idea, it also confirms the difficulty encountered by the metal cations in accessing the active sites of the biomass, whether because of electrostatic interactions between those sites or because of the screening effect due to the proximity of cells. At high biomass concentrations, the particles form "aggregates" of biomass, which result in a less effective sorption area (Dönmez et al., 1999) .
In view of this, in the last study the first of the two options was taken-that is, using 0.5 g/L of total biomass.
Sorption uptake as a function of metal ion. The results as a function of the metal ion are shown in Figs. 6, 7, and 8. Again, the presence of other metal ions in solution significantly affected the specific metal sorption and specific metal recovery was lower in systems with two or three metals than in monometallic systems.
For instance, the q value for Cd with Codium vermilara or Chondrus crispus decreased more than 50% in the presence of the three metal cations (Fig. 6) . On the other hand, the brown alga Ascophyllum nodosum presented the best sorption for cadmium and the sorption uptake was still high enough in the presence of Ni or Zn in solution. In the ternary biomass mixture and in the binary mixture Chondurs crispus ϩ Ascophyllum nodosum the recovery of cadmium was remarkable, even in multimetallic systems, with comparable values in some cases to those achieved with the brown alga Ascophyllum nodosum used individually. In general, the specific sorption of cadmium was only slightly lower in multimetallic systems and with the biomass mixture than in monometallic systems. Conversely, with individual biomass the cadmium uptake was clearly lower, because there were more metals in solution, especially for the trimetallic system. This is an indication that biomass can be more effective as biosorbents in mixtures than individually, especially for complex solutions, which was one of the main objectives in this study.
The sorption of Ni with Chondrus crispus was up to 50% lower in the trimetallic than in the monometallic system (Fig. 7) . However, the decrease of nickel sorption in the presence of the other two metals was even much higher with the other two algae (Codium vermilara and Ascophyl-ROMERA ET AL. 1006   FIG. 6 . Specific sorption uptake of cadmium in monometallic, bimetallic, and trimetallic systems for each type of biomass used (0.5 g/L total biomass).
FIG. 7.
Specific sorption uptake of nickel in monometallic, bimetallic, and trimetallic systems for each type of biomass used (0.5 g/L total biomass). lum nodosum), especially for Codium vermilara. Of the three metals tested, nickel sorption uptake was more affected by the presence of the other metals using individual biomasses. But the mixture of Chondrus crispus ϩ Ascophyllum nodosum biosorbed more than the individual brown alga in multimetallic systems. The mixture of three biomasses provided interesting results, especially in the trimetallic system. In the presence of other metals, then, the sorption of nickel improved noticeably when a mixture of biomasses rather than an individual biomass was used. There was a remarkable improvement in sorption of nickel in multimetallic systems using mixed biomasses compared to monometallic systems with an individual biomass. These results therefore suggest, again, that mixing biomasses can be advantageous.
The results of the study with zinc ( Fig. 8) were similar to the other metals. In monometallic systems, the brown alga behaved better than the red one and this, in turn, better than the green. In general, in multimetallic systems, the sorption uptake of zinc with the red alga was similar to uptake with the brown alga. In mixtures of both biomasses and for the system Cd ϩ Zn, the sorption of Zn was better than with the individual algae. Again, the mixture of three biomasses produced good sorption levels.
There is abundant literature relating to the constituents of the cell wall in algae (Hope and Walker, 1975) . There are numerous functional groups present in those constituents that can act as ligands of metal cations: sulphate, amino, carboxyl, hydroxyl, aldehydes, etc., but not all of them are present in each type of alga. For that reason, in mixtures of different algae the variety of ligands is wider, and that can improve the biosorption process. In addition, the crosslinking between adjacent polysaccharide chains is enhanced by covalent bonds that contribute to the sequestering of metal cations (Davis et al., 2003) .
This study indicates that mixing biomasses may be an efficient way of treating effluents contaminated with heavy metals. The procedure has possible practical applications since industrial effluents contain several metals, and moreover in nature algae do not occur in isolated form. Therefore, the results obtained could contribute to a better understanding of the biosorption process with a good potential for industrial applications.
Conclusions
• pH and biomass concentration affect the specific sorption uptake of Cd 2ϩ , Ni 2ϩ , and Zn 2ϩ by the algae Codium vermilara, Chondrus crispus, and Ascophyllum nodosum. The sorption uptake of the three algae increases with increasing pH and decreasing biomass concentration. The values selected were, respectively, the highest and the lowest within the range studied: 6 and 0.5 g/L.
• In monometallic systems with an individual biomass, the sorption uptake of the brown alga Ascophyllum nodosum is higher than that of the red alga Chondrus crispus, and this in turn, is higher than that of the green alga Codium vermilara. The sequence of metal sorption was: Ni Ϸ Zn Ͼ Cd.
• In multimetallic systems with an individual biomass, the sorption uptake of each metal is lower than in monometallic systems because the different metals compete for the active sites of each biomass.
• In mixtures of biomasses, the values of q obtained for each metal were intermediate between those achieved with individual algae. In all cases, sorption uptake with the mixture was better than with the green alga, as good as or better than with the red alga, but never better than with the brown alga.
• The mixture Chondrus crispus ϩ Ascophyllum nodosum presented the best sorption uptake of allalgae mixtures.
• The performance of the mixture Codium vermilara ϩ Ascophyllum nodosum was comparable to that of the ternary mixture in the each algae 0.5 g/L biomass experimentes, and slightly better than that of the mixture Codium vermilara ϩ Chondrus crispus, in both monometallic and multimetallic systems.
• Nickel sorption uptake remarkably decreased in the presence of the other metals with the individual biomasses, but notably increased with mixtures of biomasses, especially with the mixture Chondrus crispus ϩ Ascophyllum nodosum.
• The results suggest that the mixing biomasses could be effective in treating real effluents.
